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A B S T R A C T

Mg alloys are lightweight structural metals that are promising for a variety of engineering applications.
However, use of Mg alloys is often restricted by their poor mechanical properties. Recent studies indicate that a
novel laser-based surface processing technology, laser shock peening (LSP), is promising to improve the en-
gineering performance of Mg alloys by enhancing their surface strength, biocompatibility, fatigue resistance, and
anti-corrosion ability. Despite these experimental efforts, little attention has been paid to study the surface
microstructure evolution in the LSP process, particularly the formation of high density deformation twins.
Deformation twinning in hexagonal closed-packed (HCP) crystal structure plays a fundamental role in enhancing
mechanical performance of Mg alloys. This research is to establish the process-microstructure relationship of Mg
alloys as processed by LSP. A focus is placed on understanding the deformation twinning mechanism. LSP ex-
periments are conducted on a rolled AZ31B Mg alloy. The microstructures before and after laser processing are
characterized. The effect of laser intensity on the twin volume fraction is investigated. The surface hardness as
associated with the twin density is measured. The mechanism responsible for the formation of gradient twinning
microstructure and the twinning-induced hardening effect are discussed. The anisotropic response to LSP in
terms of grain orientation and the resultant microstructure and hardness improvement in the Mg samples are
discussed.

1. Introduction

Mg alloys are lightweight structural metals that are promising for a
variety of engineering applications in aerospace, automotive, and bio-
medical industries [1–4]. However, use of Mg alloys is often restricted
by their limited ductility, formability, and fatigue strength [5]. These
poor mechanical properties of Mg alloys are attributed to their hex-
agonal closed-packed (HCP) crystal structure, which exhibits a limited
number of easy slip systems to accommodate deformation strain [6,7].

In order to improve the mechanical performance of Mg alloys,
several manufacturing approaches have been proposed, including
micro-alloying [8], equal-channel angular extrusion (ECAE) [9], and
surface mechanical attrition treatment (SMAT) [10]. In addition to
these processing approaches, a laser-based surface processing tech-
nology, laser shock peening (LSP), is exceptional due to its high process
efficiency, flexibility, and controllability [11,12]. LSP is a surface pro-
cessing process utilizing pulsed laser energy to introduce compressive
residual stresses and a work-hardened layer to the surfaces of metallic
materials for enhanced durability [13,14]. Recent studies indicate that
LSP is promising to improve the engineering performance of Mg alloys

by enhancing their surface strength [15], biocompatibility [16], fatigue
resistance [17], and anti-corrosion ability [18]. For instance, Ye et al.
[15] showed that LSP resulted in the increase of surface hardness of
AZ31B Mg alloy from 57 to 69 HV and the yield strength from 128 to
152MPa. Vinodh [16] et al. reported that the corrosion rate of the
Mg–calcium (Mg-Ca) alloy samples without laser processing was 2.5
times higher than that of the samples processed by LSP. In addition,
laser processed samples exhibited a significantly improved bio-
compatibility. Ge et al. [19] investigated the effect of LSP on the stress
corrosion cracking behavior of AZ31B Mg alloy and showed that the
SCC susceptibility index of the LSP treated samples was decreased by
47.5% as compared to the as-received samples. Sealy et al. [20] studied
the fatigue performance of Mg-Ca alloys subjected to LSP and found
that the rotating bending fatigue life of the laser peened samples was
ten times higher than that of the untreated samples.

Despite these experimental efforts on understanding the effect of
LSP on enhancing performance of Mg alloys, little attention has been
paid to study the surface microstructure evolution during LSP. Although
surface grain refinement of Mg alloys during LSP was reported in
[21,22], no particular investigation has been focused on elucidating the
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formation of high density deformation twins as a result of surface
plastic deformation with an ultrahigh strain rate of 106–107/s in the
LSP process. Deformation twinning in HCP structure plays a funda-
mental role in enhancing mechanical performance of Mg alloys [23,24].
In addition, the microstructural anisotropic response to LSP should be
considered. A better understanding of twining mechanisms in Mg alloys
as subjected to LSP may lead to improved process development and
control for optimized mechanical performance.

This research is to establish the process-microstructure relationship
of Mg alloys as processed by LSP. A focus is placed on understanding
deformation twinning mechanism. LSP experiments are conducted on a
rolled AZ31B Mg alloy. The microstructures before and after laser
processing are characterized using optical microscopy, electron back-
scatter diffraction (EBSD), and scanning electron microscope (SEM).
The effect of laser intensity on the twin volume fraction is investigated.
The surface hardness as associated with the twin density is measured.
The mechanisms responsible for the formation of gradient twinning
microstructures and the twinning-induced strain hardening effect are
discussed. The anisotropic response to LSP in terms of grain orientation
and the resultant microstructure and hardness improvement in Mg
samples are compared and discussed.

2. Experiments

2.1. Materials

Rolled AZ31B Mg alloy block (3.0 wt% Al, 1.0 wt% Zn, Mg balance)
purchased from Metalmart.com was used for experiments. Cubic sam-
ples with a dimension of 1 in. by 1 in. were machined from the block for
LSP processing. Prior to laser processing, the samples were grinded
using SiC sandpapers with different grit numbers (from 320 to 1200),
followed by fine polishing using 3 µm diamond suspension. Afterwards,
the samples were ultrasonically cleaned in an ethanol solution.

2.2. LSP experiments

Fig. 1a shows a schematic view of the LSP configuration. In this
work, a Q-switched Nd-YAG laser (Surelite III from Continuum, Inc.),
operating at a wavelength of 1064 nm and a pulse width of 5 ns (full
width at half maximum), was used to deliver the laser energy. The laser
beam diameter was 2mm. The laser power intensity was adjusted by
adjusting the Q-switched delay time. Black tape with a thickness of
100 μm was used as the ablative coating material. BK7 glass with a high
shock impedance was used as the transparent confinement. LSP ex-
periments were performed along the rolling direction (RD) of the spe-
cimen (Fig. 1b).

2.3. Microstructure characterization

The microstructure before and after LSP was characterized using
Leica DM2700 optical microscope (OM), SM-7100FT field emission
scanning electron microscope (FESEM), and electron backscattered
microscope (EBSD). Samples for optical microscope characterization
were prepared by sectioning, mounting, polishing, and etching with the
acetic picral solution. (10ml acetic acid+ 4.2 g picric acid+ 10ml
distilled water+ 70ml ethanol). EBSD characterization was performed
in the stage control model with TSL data acquisition software on an
area of 200 μm by 200 μm with a step size of 0.5 μm. All the micro-
structure characterization was performed on a cross-section perpendi-
cular to the ND.

2.4. Mechanical properties test

The surface micro-hardness of samples before and after laser pro-
cessing were measured using a Wilson Hardness tester with a 500 g load
and 10 s holding time. In order to study the effect of the gradient
twinning microstructure on the material strength, in-depth hardness
was measured from the top surface to a depth of 2300 μm on TD-ND
planes in Fig. 1b. An electrolytic polisher was used to remove the ma-
terial layer by layer for in-depth hardness testing. At each depth, the
hardness values were measured 5 times.

3. Results and discussion

3.1. Laser-induced shockwave pressure and propagation

In order to understand the process-microstructure relationship, first
the shockwave pressure during LSP is theoretically estimated.
According to the widely accepted Fabbro’s laser shock processing mode
(Eqs. (1)–(3) [13,25], the magnitude of shockwave pressure P t( )can be
estimated as a function of the shock impedance Z (confining media
Z1and target material Z2) and the laser intensity I t( ), where L t( )is the
layer thickness of laser-induced plasma, α is the efficiency of the in-
teraction (≈ 0.1), and t is the time.
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6 2 [26], and I t( )is given by Eqs. (4) and (5)

[27]:

Fig. 1. Schematic illustrations of: (a) LSP experimental set up, and (b) LSP direction and examined cross-section of the processed specimen, where the RD, TD, and
ND are rolling, transverse, and normal direction, respectively.

B. Mao et al. Applied Surface Science 457 (2018) 342–351

343



=I
Q

π d t( /2) ∆
0 2 (4)

= − −( )I t I
σ π

e( )
1

2

t µ
σ

0

1
2

2

(5)

where I0is the maximum laser intensity, Q is the pulse laser energy, d is
the beam diameter, and t∆ is the laser pulse duration. The value of
σandµcan be estimated from the effective laser duration FWHM (full
width at half maximum), = ≈ =FWHM σ σ2 2 ln 2 2.355 5 ns and
=µ σ6 .
Based on Eqs. (1)–(5), the temporal evolution of shockwave pres-

sure for various laser intensities is calculated as shown in Fig. 2. It can
be seen that the shockwave pressure in LSP experiments increases to
their peak values within 20 ns and then decays gradually with time. As
the shockwave propagates into the Mg block, the effective pressure
decays with the increase of depth [28,29].

It is typically assumed that shock pressure follows a Gaussian spatial
distribution, the spatially uniform shock pressure P(t) relates to the
spatially non-uniform shock pressure as [30] :
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where r0is the laser beam radius, and r is the distance from the center of
the laser beam.

3.2. Gradient twinning microstructure

Fig. 3 shows the initial microstructure of the specimen. It can be
seen that the material has a twin-free equiaxed grain structure with an
average grain size of 25 μm (Fig. 3a and c). The EBSD phase mapping
indicates a strong basal texture where most basal planes align parallel
to the rolling direction (Fig. 3b and d).

Optical microscopy images in Fig. 4 show the microstructure of the
specimen processed by single pulse LSP with laser intensities of 2.21,
4.25, and 6.03 GW/cm2. It can be seen that a depth-dependent micro-
structure in the specimens is generated by LSP. In Fig. 4a, surface
micro-indentations are observed on the top surfaces. A hemispherical
distribution of twins can be identified and is marked by the red dashed
lines in Fig. 4b, c, and d. With the increase of laser intensity, the depth
of LSP affected zone increases. For instance, the depth of the twinned
area is about 850 μm in the specimen processed by LSP with a laser
intensity of 2.21 GW/cm2, while for the specimen processed by LSP

with a laser intensity of 6.03 GW/cm2, the twinned area reaches to
around 1650 μm. Moreover, a twin saturation or exhausted zone (i.e.
the matrix is almost totally twinned) can be observed and marked by
the blue dashed lines in Fig. 4c and d. The saturated and unsaturated
twinning areas can be easily identified, since after etching with acetic
picral solution, the twin exhausted area (Fig. 4e) exhibits a different
color as compared to the unsaturated twin area (Fig. 4f).

EBSD analysis was conducted to characterize the gradient twinning
microstructure generated by LSP. In Fig. 5, the three inverse pole figure
(IPF) maps at different depths are picked from the examined cross-
section of Mg alloy samples processed by LSP with a laser intensity of
6.03 GW/cm2. Compared with the initial microstructure, the texture
and crystallographic orientation distribution are dramatically changed
by LSP, owing to the growth of deformation twinning. At a depth of
500 μm within the twin saturated area, the parent grains are almost
totally twinned. As the depth increases to 1000 μm, twins in green and
blue can be seen but the remaining parent grains can be identified.
Some refined grains can be observed as well. At the depth of 1500 μm,
needle-like twins with a low density can be observed and the majority
of the parent grains are not twinned.

Fig. 6 shows a detailed EBSD analysis of the microstructure of the
sample processed by LSP with a laser intensity of 6.03 GW/cm2 at a
depth of 500 μm. In Fig. 6a, both large and small grains can be ob-
served. Very few parent grains can be seen, indicating twinning is sa-
turated in this region. Fig. 6b and c show some local areas which
contain small patches (in red) of remaining parent grains. The point to
point misorientation line profiles show that the misorientations be-
tween the parent grain and twin bands are about 86° (Fig. 6d and e).
This indicates that all the twin bands were generated by {1012} twinning
[24].

The effect of LSP on surface grain refinement of metallic materials
has been extensively reported in literature [31,32]. Ge et al. [17] re-
ported that nano-grains with an average size of 17.5 nm can be gen-
erated in the top surface of AZ31B Mg alloy through LSP, and the
thickness of the nanostructured layer is around 20 μm. Ren et al. [33]
also demonstrated nano-structured surface layer can be fabricated in
AZ91D Mg alloy by LSP. In Fig. 6a, some very small untwinned grains
are observed, showing the grain refinement effect. However, the grain
refinement in the samples subjected to LSP along the RD is not as
conspicuous as in metals in which dislocations dominate the plastic
deformation. In addition to the small grains, large grains can also be
observed in Fig. 6a. Hong et al. [34] investigated the twin morphology
and texture evolution of AZ31B Mg alloys subjected to compression
along the TD. It was found that with a small deformation strain, the
effective grain size tended to become smaller due to the grain refine-
ment caused by twin nucleation. However, given a relatively large
deformation strain, a grain coarsening effect was observed, leading to
an increased grain size. The large grains observed in Fig. 6a could be
attributed to the relatively large strain in the near-surface region. In
contrast, no large grains are seen at the depth of 1500 μm (Fig. 7). The
presence of large grains in Fig. 6a is abnormal in our AZ31B samples
subjected to LSP because grain refinement after LSP is typical and
significant in crystalline metals and alloys with FCC (face centered
cubic) and BCC (body centered cubic) structures [31,35,36]. These
abnormally large grains might be related to one of the dynamic re-
crystallization (DRX) mechanisms, i.e. discontinuous DRX by grain
boundaries migration [37,38].

Most of previous investigations have attributed the surface nano-
crystallization to high density dislocations generated by laser shock-
wave. In our case, we also take into consideration the highly anisotropic
mechanical behavior of Mg alloys. It is well known that for rolled Mg
alloys, when the tensile stress is applied along the c-axis or the com-
pression stress is applied perpendicular to the c-axis, as the case of LSP
experiments in this paper, deformation twinning is the dominant me-
chanism responsible for the plastic deformation [39]. In fact, as the
critical stress for {1012} twinning is so small (comparable to basal slip

Fig. 2. The temporal evolution of laser shockwave pressure as affected by the
laser intensity in LSP experiments, estimated by Fabbro’s model.
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and much lower than non-basal slip [40]), the plastic strain is mainly
accommodated by deformation twinning rather than dislocation slip.
Therefore, in the LSP process, if the laser shock loading is along the RD
or TD direction, deformation twinning plays a dominant role in the
microstructure-property relationship.

Fig. 7 shows the EBSD analysis of the microstructure of the spe-
cimen processed by LSP with a laser intensity of 6.03 GW/cm2 at a
depth of 1500 μm. It can be seen that the majority of the grains exhibit
the initial basal texture, indicating a low twin density. Fig. 7a shows
that the twins appear to be lenticular, which have a different

Fig. 3. Initial microstructure of the cross-section perpendicular to ND of the as-received rolled AZ31B Mg alloy. (a) Inverse pole figure map, (b) (0 0 0 2) pole figure,
(c) a crystallographic orientation map, and (d) point to point misorientation angle distribution for grain boundaries.

Fig. 4. Optical microscopy images showing microstructure of AZ31B Mg alloy processed by single pulse LSP: (a) An overview of the cross-section of laser processed
samples with surface micro-indentations; (b), (c), and (d) microstructure of the specimens processed by LSP with a laser intensity of 2.21, 4.25, and 6.03 GW/cm2,
respectively; (e) twinning saturated area and (f) twinning unsaturated area.

B. Mao et al. Applied Surface Science 457 (2018) 342–351

345



morphology as compared with the twins in Fig. 6a. Fig. 7b shows a local
grain which contains four twin laths, and the misorientation profiles in
Fig. 7c shows that those four twin laths have the same crystal or-
ientation. Although {1012} twinning has six possible twin variants, it can
be seen that in most grains only one dominant twin variant is activated,
as shown in Fig. 7b. However, some grains do have more than one
variants, as denoted by “twin 2-1” and “twin 2-2” in Fig. 7c. The

activation of a twinning system strongly depends on the initial crystal
texture and the direction shockwave pressure [41,42].

The evolution of the twin density and morphology with depth of the
samples processed by LSP are presented in Fig. 8. Fig. 8a shows the
effect of laser intensity on the gradient twinning microstructure of
AZ31B Mg alloys generated by LSP. The value of d on each micrograph
indicates the depth from the top surface where the microstructure is

Fig. 5. EBSD analysis of the detailed microstructure in three different depths of the sample processed by LSP with a laser intensity of 6.03 GW/cm2.

Fig. 6. Inverse pole figure maps and crystallographic orientation analysis of microstructure of sample processed by LSP with a laser intensity of 6.03 GW/cm2 at a
depth of 500 μm. (a) Inverse pole figure map; (b) and (c) crystallographic orientation maps obtained from (a); (d) and (e) point to point misorientation line profiles
along the direction indicated as an arrow in (b) and (c), respectively.
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characterized. Each micrograph has a dimension of 250 by 180 μm. The
twin volume fraction (TVF) at each depth is summarized in Fig. 8b. The
TVF is calculated using the methodology reported in [43] in which the
volume fraction is counted as the fraction of the pixels occupied by the
twins. The optical microscopy analysis (Fig. 8a) indicates a gradually
decrease of twin density with increasing depth, which is consistent with
the overall microstructure in Fig. 4. For example, at the depth of 90 μm,
all the microstructures show a very high twin density, which are 82.3,
96.0, and 96.5% for the samples processed by LSP with a laser intensity
of 2.21, 4.25, and 6.03 GW/cm2, respectively. As the depth reaches
1530 μm, twins can barely be observed in the sample processed with a
laser intensity of 2.21 GW/cm2, and the twin densities for the samples
processed with a laser intensity of 4.25 and 6.03 GW/cm2 are 40.2%
and 78.3%, respectively. Moreover, a higher laser intensity leads to a
higher TVF at the same depth. For instance, at the depth of 1170 μm,
the sample processed with a laser intensity of 6.03 GW/cm2 shows a
saturated twinning zone, while much fewer twins can be identified for
the specimen processed with a laser intensity of 4.25 and 2.21 GW/cm2.
At the depth of 2250 μm, there is a small amount of twins (11.4%) for
the sample processed with a laser intensity of 6.03 GW/cm2, while no
twins can be observed in the other two samples processed with a lower
laser intensity.

In the LSP process, the amount of twin volume fraction in Mg alloys
is related to the plastic strain that needs to be accommodated. Chen
et al. [43] measured the contribution of extension twinning to plastic
strain of AZ31B Mg alloy. The results show that when the tension load is
along the c-axis or the compression load is perpendicular to the c-axis,
the extension twinning dominates the plastic deformation. The quan-
titative expression for the contribution of deformation twinning to
plastic strain can be given as [34,44].

= × ×ε f γ mtwin twin twin (7)

where εtwindenotes the macroscopic strain, ftwin is the twin volume
fraction, γtwinis the magnitude of twinning shear, and m is the average
Schmid factor of the twinning systems. Eq. (7) explains the gradient
twinning microstructure of Mg alloys generated by LSP. With an in-
crease of depth, the laser shock pressure decays, and thus the value of

εtwin decreases, leading to the decrease of twin volume fraction. More-
over, since the shockwave peak pressure for laser intensities used in this
study is much higher than the dynamic yield strength of the AZ31B Mg
alloys (Fig. 2), a high plastic strain is expected at the near-surface area,
resulting in the saturated twining zone.

The deformation mechanism of the AZ31B Mg alloys processed by
LSP along RD is illustrated in Fig. 9. Fig. 9a shows the initial crystal
orientation for the as-received specimen, where the material exhibits
the basal texture with the a-axis parallel to the RD. Fig. 9b shows the
crystal reorientation by twinning when the material is subjected to laser
shock loading along the a-axis direction. Note that although several
different twin variants might be activated in one grain, the variant with
the highest Schmid factor dominates, which agrees with the analysis by
Hong et al. [34]. As shown in Fig. 9b, due to the laser shock loading, the
initial crystals (marked by dark color) with the c-axis parallel to the ND
are transferred to twin crystals (marked by green color) with c-axis
perpendicular to teh ND with a crystallographic lattice orientation of
∼90°. This crystal reorientation is typical of {1012} extension twinning
[24].

3.3. Gradient strain hardening mechanism

To investigate the effect of gradient twinning microstructure on the
mechanical properties of the AZ31B Mg alloy, micro-hardness tests at
various depths were conducted as shown in Fig. 10. It can be noted that
Vickers hardness numbers (VHN) of the specimen processed by LSP
decrease with increasing depth till 60 VHN, which is the hardness of the
base metal. The maximum VHNs for three different laser processing
intensities are all around 74 VHN, indicating a saturation point for
hardness improvement by LSP. The saturation of surface strength by
LSP has also been reported for other metallic materials [14]. It is also
observed in Fig. 10 that a higher laser intensity leads to a larger
hardening depth. For example, by increasing laser intensity from 2.21
to 6.03 GW/cm2, the depth of full-hardened layer (72 VHN) increases
from around 500 to 1500 μm.

Surface hardening effect induced by LSP in metallic materials has
been extensively studied. It is well accepted that the improved hardness

Fig. 7. Inverse pole figure maps and crystallographic orientation analysis of the microstructure of sample processed by LSP with a laser intensity of 6.03 GW/cm2 at a
depth of 1500 μm. (a) Inverse pole figure map; (b) and (c) crystallographic orientation maps obtained from (a); (d) and (e) point to point misorientation line profiles
along the direction indicated as an arrow in (b) and (c), respectively.
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is due to work hardening and grain refinement [31,32] for the metallic
materials with a BCC or FCC crystal structure, such as steels and alu-
minum alloys [45,46] in which the plastic deformation is accom-
modated mainly by dislocation slip. However, for Mg alloys with a HCP
crystal structure, in addition to grain refinement, deformation twinning
is another important factor contributing to the surface hardening by
LSP. Texture change by deformation twinning will change the de-
formation modes and thus affect the surface hardness. If an external
compressive stress is applied along the a-axis, {1012} twinning

dominated deformation will induce a relatively lower flow stress,
whereas if a compressive stress is applied along the c-axis, the de-
formation mode is highly favorable for dislocation slip and contraction
twinning, which have a higher CRSS (critical resolved shear stress), and
thus induce a higher flow stress [34,42]. Knezevic et al. [47] proposed
that the main contribution of extension twining to the strain hardening
in TD-RD compressed samples is texturing hardening. In this study, the
crystal reorientation by LSP will change the deformation mode from an
easy-to-deform direction (compression along a-axis) to a difficult-to-

Fig. 8. Optical microscopy images of the in-depth microstructure of AZ31B Mg alloy samples processed by LSP with various laser intensities of (a) 2.21, (b) 4.25, and
(c) 6.03 GW/cm2. (d) Variation of twin volume fraction with depth in samples processed by LSP with different laser intensities.
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deform direction (compression along c-axis). As a result, both grain
refinement and texture change are expected to contribute to the surface
hardening of Mg alloys processed by LSP.

3.4. Anisotropic microstructural and mechanical response to LSP

For textured Mg alloys, their anisotropic mechanical properties may
lead to an anisotropic microstructural response to LSP. To study this
effect, LSP experiments with a laser intensity of 2.21 GW/cm2 were
carried out both along ND and RD. As the SEM images shown in Fig. 11,
high density twins can be observed when LSP is along the RD; in con-
trast, almost no twins can be observed when LSP is along the ND. This
result is consistent with observation of the microstructure evolution
under static compression along the ND conducted by previous re-
searchers [48,49]. When a compressive stress is applied along the ND,
the plastic deformation is mostly accommodated by dislocation slip on
the basal and pyramidal planes [50]. Thus twinning microstructure
cannot be achieved by LSP along ND. However, some refined grains can
be identified in the near surface area in Fig. 11b, as marked by the
yellow circle. Because the plastic deformation of Mg alloys is dominated
by dislocation activities instead of twinning in compression along the
ND [51,52], the grain refinement in the AZ31B processed by LSP along
ND is attributed to the activation of high density dislocations, followed
by recovery and recrystallization under the severe plastic strain at the
ultrahigh strain rate of laser loading, similar to grain refinement in LSP
processed steels [32], aluminum alloys [31], and titanium alloys [36].

The surface (RD-TD plane) hardness the AZ31B processed by LSP
along the ND with different laser intensities were measured and the
results were compared with those samples processed by LSP along the
RD. As shown in Fig. 12, for the sample processed by LSP along ND with
a laser intensity of 2.21 GW/cm2, the surface hardness increases from
63.2 VHN for the untreated specimen to 72.3 VHN, corresponding to a
14.4% increase. The increased surface hardness is mainly attributed to
work hardening and grain refinement generated by LSP. As the laser

intensity increases from 2.21 GW/cm2 to 6.03 GW/cm2, the surface
hardness value only increases from 72.3 to 74.1 VHN, and this is due to
the saturation of plastic deformation [11]. Moreover, it is noted that the
surface hardness of the AZ31B before and after LSP along the ND are all
slightly higher than those processed by LSP along the RD regardless of
laser intensity. This difference is mainly attributed to the fact the strain
hardening effect induced by dislocations is typically more prominent
than it is induced by twinning [47]. Nevertheless, LSP along the ND and
the RD can both effectively improve the surface hardness.

4. Conclusion

In this paper, a systematic study is carried out on the process-mi-
crostructure relationship of Mg alloys as processed by LSP. A focus is
placed on understanding the deformation twinning mechanism and
twinning-induced strain hardening effect during LSP. The twinning
type, morphology, variation in TVF vs depth, and corresponding in-
depth hardening effect are analyzed. Following conclusions can be
drawn:

(1) When LSP is along the RD, a gradient twinning microstructure is
generated. The twins are identified as {1012} extension twins. The
density of twins decreases with increasing depth, and a higher laser
intensity results in a deeper twinned zone.

(2) A gradient hardness distribution well corresponds to the gradient
twinning microstructure. The hardness of laser-processed samples
decreases with an increase of depth from the saturation value of 74
VHN to the base value of 60 VHN. The LSP-induced strain hard-
ening is attributed to the grain refinement and the texture change
induced by nucleation and propagation of twinning structures.

(3) Anisotropic microstructural and mechanical response to LSP is ob-
served. High density twins can be observed when LSP is along the
RD, whereas some refined grains can be observed when LSP is along
the ND. LSP treatment of AZ31B Mg alloys along the ND and the RD

Fig. 9. Schematic of deformation mechanism of Mg alloys by LSP. (a) Initial crystal orientation, and (b) crystal reorientation by twinning after LSP.

Fig. 10. In-depth hardness distribution of AZ31B Mg alloys processed by LSP with various laser intensities of: (a) 2.21, (b) 4.25, and (c) 6.03 GW/cm2.
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can both enhance the surface hardness.
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